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013.04.0Abstract Aircraft cockpit display interface (CDI) is one of the most important human–machine
interfaces for information perceiving. During the process of aircraft design, situation awareness
(SA) is frequently considered to improve the design, as the CDI must provide enough SA for the
pilot to maintain the ﬂight safety. In order to study the SA in the pilot-aircraft system, a cockpit
ﬂight simulation environment is built up, which includes a virtual instrument panel, a ﬂight visual
display and the corresponding control system. Based on the simulation environment, a human-in-
the-loop experiment is designed to measure the SA by the situation awareness global assessment
technique (SAGAT). Through the experiment, the SA degrees and heart rate (HR) data of the sub-
jects are obtained, and the SA levels under different CDI designs are analyzed. The results show
that analyzing the SA can serve as an objective way to evaluate the design of CDI, which could
be proved from the consistent HR data. With this method, evaluations of the CDI design are per-
formed in the experimental ﬂight simulation environment, and optimizations could be guided
through the analysis.
ª 2013 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.Open access under CC BY-NC-ND license.1. Introduction
The aircraft cockpit is a highly complex human–machine
interaction system, and the aircraft cockpit display interface
(CDI) is one of the most important devices for pilot-aircraft82339026.
(H. Wei), dmzhuang@buaa.e-
orial Committee of CJA.
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53interaction. The pilot perceives ﬂight information mainly
from the CDI with his senses, and forms a holistic picture
of the present ﬂight environment based upon his knowledge.
This process has been widely recognized as the construct of
situation awareness (SA). During the process of aircraft de-
sign, SA is frequently considered to improve the design, as
the CDI must provide enough SA for the pilot.1 Current re-
searches indicate that there is a direct relationship between
the pilot’s SA and ﬂight safety: the higher the SA degree
is, the more effectively the pilot manipulates the ﬂight, thus
the safer the ﬂight is. If the CDI design does not provide
enough SA, the ﬂying pilot’s performance will be degraded.2
To maintain ﬂight safety, it is necessary to evaluate the
interface during the design process, and the degree of pilot’sSAA & BUAA.Open access under CC BY-NC-ND license.
Fig. 2 Virtual instrument panel generation process.
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indicators.
Along with the rapid development of aeronautical tech-
niques, aircraft instrument and its display interface are greatly
improved. And new requirements for pilot SA are proposed. In
order to study the SA under speciﬁc CDI design with actual
ﬂight mission, acquiring and analyzing data in the real ﬂight
environment are needed. However, due to the complexity of
ﬂight activities in the real aircraft, such studies are often expen-
sive, dangerous, or even not feasible. The common solution for
this is to simulate the ﬂight scenarios on the ground, just as the
widely use of ﬂight simulators in the commercial pilot training.
With the help of ﬂight equations, it is possible to calculate the
full envelope ﬂight parameters. Then these data can be used to
drive the virtual instrument panel and ﬂight visual displayed
for the pilot. Based on this, theoretical researches can be devel-
oped in the ﬂight simulation environment, and the study of SA
is possible through reproduced ﬂight scenarios and mission
simulations. Some valuable researches have been performed
on pilot’s mental workload and situation awareness in differ-
ent kinds of simulators.3–5 In particular, Endsley et al. devel-
oped the situation awareness global assessment technique
(SAGAT), an SA measurement method especially for the sim-
ulation environment.2 The results show that such method
could be a feasible way to study SA, and it is easy to join into
the aircraft design process for CDI evaluation.
Therefore, when we use the simulation method to evaluate
aircraft CDI, how to obtain a comprehensive and accurate
analysis of pilot’s SA becomes important. In this investigation,
a virtual cockpit environment for ﬂight simulation is built up,
including a virtual instrument panel, a ﬂight visual display and
the corresponding control system. In the simulation environ-
ment, a human-in-the-loop experiment based on the SAGAT
is designed to measure the SA under different CDIs. Through
the experiment, the SA levels and pilot heart rate (HR) data of
the subject are analyzed, which could be a way to evaluate and
optimize the existing design of aircraft CDI.
2. Flight simulation environment setup
The ﬂight simulation environment consists of the virtual inter-
face display system and the ﬂight data control system. The vir-
tual interface display system includes a virtual instrument
panel and a ﬂight visual display. The ﬂight data control system
is composed of a ﬂight parameter simulation and electronic
instrument driving system, as well as an experimental control
and data recording system. All these systems are achieved in
two DELL T1600 servers with an IBM Think Vision 22’ dis-Fig. 1 Constitution of cockpit ﬂight simulation environment.play, and the data are communicated through UDP networks,
as shown in Fig. 1.
In order to display ﬂight information, a virtual instrument
panel is used for simulating real cockpit instruments. Based on
the data provided by the ﬂight manual, the virtual instrument
model can be developed with GL Studio from DiSTI, Micro-
soft Visual Studio. Net 2008 and Adobe Photoshop. This pro-
cess is shown in Fig. 2.
The instrument simulation cannot get away from the actual
aircraft type. Considering the current situation in civil aviation
of China, the ﬂight manuals of Boeing 737-800 from the Boe-
ing Commercial Airplane Company, Airbus A320 from the
Airbus Company and ARJ21 (‘‘Xiang Feng’’) from the Com-
mercial Aircraft Corporation of China Ltd. are referred to
generate virtual instrument panels. With appropriate simpliﬁ-
cation and abstraction, three virtual instrument panels are
built up based on the research needs, as shown in Fig. 3.
The ﬂight visual displays the virtual scene based on the
MultiGen-Paradigm Vega Prime, as shown in Fig. 4.
The experimental control and data recording system is used
to control the experiment of starting, suspension and termina-
tion. The SAGAT questions are displayed on the experimental
interface and the answers of subjects are saved automatically
in ﬁles, as shown in Fig. 5.
The ﬂight parameter simulation and electronic instrument
driving system makes use of the ﬂight equations to calculate
the 6-DOF (six degree of freedom) parameters of the aircraft
in the current environment. It can completely simulate the full
envelope ﬂight, including the takeoff, climb, cruise, descending
and landing. To ensure the comparability of the results, the
same ﬂight scenario of about 12 min is used in the experiment.
Then the ﬂight data is processed and converted into the avion-
ics display data, which can directly drive the virtual instrument
panel and visual display. As the above systems are running on
two separated servers, data communication is via the UDP
network and shared memory. The network automatically syn-
chronizes the shared memory between the two severs, and the
data are shared through the shared memory on the same sever.
3. Cockpit SA measurement method
As Ref. 6 described, SA refers to ‘‘the perception of the ele-
ments in environment within a volume of time and space,
the comprehension of their meaning and the projection of their
status in the near future’’. From the perspective of cognitive
psychology, SA can be divided into three relative levels in
the information processing model: perception of the elements
(a) Boeing
(b) Airbus
(c) ARJ21
Fig. 3 Virtual instrument panels.
Fig. 4 Flight visual display.
Fig. 5 SA experimental interface.
886 H. Wei et al.in the current situation, comprehension of the current situation
and projection of the future or the ability to predict what will
happen next based on the current situation.
At present, the SA assessment methodology is mainly di-
vided into four kinds: physiological measurement, memory
probe measurement, performance measurement and subjective
measurement. The physiological measurement has a long his-
tory in mental workload researches; however, its applications
in SA are few, as there are still problems to be validated.
The memory probe measurement is the most consistent with
Endsley’s deﬁnition of SA.6 This methodology can be dividedinto three subcategories: retrospective measurement, simulta-
neous measurement and freeze measurement. The freeze mea-
surement can not only solve the time problem from the
retrospective measurement, but also eliminate the interference
from the simultaneous measurement. Therefore, it has been
widely applied in the study of SA. The performance measure-
ment uses tasks to speculate the SA and employs the hypoth-
esis that the better a task is completed, the higher the SA is.
But some studies show that the high degree of SA does not
necessarily mean good performance. The subjective measure-
ment is a practical low-cost method, and it can be used in both
simulated situations and actual tasks, but it is difﬁcult to en-
sure the consistency between subjects.7
The SAGAT is a computerized memory probe measure-
ment. First, it simulates tasks on the screen and freezes the
interface at a randomly selected time. Then, with all task-re-
lated information removed, subject is asked to answer ques-
tions related to the tasks. This requires the subject to
correctly assess the current environment, which directly relates
to the degree of SA. Finally, the correct rate of answers can
objectively reﬂect the current degree of the SA.
Some researchers suggested that the SAGAT may interrupt
the process of recognition, and thus affect the performance of
the task, and even break the process of obtaining SA. Addi-
tionally, the SAGAT requires the subject to answer the ques-
tions with all task-related information removed, which may
serious rely on the short-team memory.8 However, Jones and
Endsley carried out relevant researches which validated the
SAGAT of an effective measurement of SA.9 Endsley also con-
ﬁrmed that the SAGAT is highly effective in the measurement
of SA. He found that in the multi-task situation, the SAGAT
An experimental analysis of situation awareness for cockpit display interface evaluation based on ﬂight simulation 887freeze causes no interruptions to the performance of the oper-
ating subject.10 In the previous studies, Endsley found that
while using SAGAT, freeze has no signiﬁcant negative impact
on the performance of the simulation task for a long time.11
This approach is practicable in measuring the SA under differ-
ent mental workloads. Therefore, this study chooses the SA-
GAT to measure the SA in the ﬂight simulation environment.
In addition, Byrne proposed the use of physiological mea-
surement to measure SA by analyzing whether the subject re-
ceived some important information in the experimental
environment.12 These physiological indexes include the event
related potentials (ERP), event related desynchronization
(ERD), HR and skin electrodermal activity (EDA). Re-
searches indicated that there is a certain degree of correlation
between HR and SA.13 We recorded the HR of the subject dur-
ing the experiment, expecting that the physiological parame-
ters could be the evidence of the SA measurement results.
4. Experimental design of cockpit SA measurement
Thirty subjects (aged from 22-year to 28-year and on an aver-
age of 24-year, 11 females and 19 males) from Beihang Univer-
sity participated in the experiment. They had been trained in
ﬂight simulator for a long time. All participants have 20/20
or corrected to normal vision. There are three different CDIs
for SA measurement, as shown in Fig. 3. Based on single factor
randomized complete block design, each subject is involved in
all of the three interface simulation tasks, and there is 1 week
interval between two tasks in order to eliminate the interrupts
of biological rhythms and memory. The experiments are car-
ried out at the same time each week, and the experimental or-
der of different interfaces is cross-balanced. The time of each
experiment takes about 12 min, including the whole processFig. 6 SA measurement experiment.
Table 1 Correct rate (in percentage; with standard deviations) of S
Interface SA level (%)
Perception Comprehension
M SD M S
Airbus 75.96 17.20 88.33
Boeing 83.28 11.60 84.17 1
ARJ21 79.30 16.19 93.33of takeoff, climb, cruise, descent and landing. The subject is
asked to closely monitor the instrument panel. At random
time, the ﬂight simulation will freeze and the instrument panel
will be covered with the interface in Fig. 5. The subjects have
to answer the SAGAT questions by recalling information in
the panel, e.g. the airspeed, altitude, roll, pitch, and heading
of the airplane. There are 10 s left for the subject to answer
the question. Either answer conﬁrmed or timeout, the interface
will automatically disappear. After that, the ﬂight simulation
continues until the next freeze.14 This requires the subjects to
form a complete acknowledgment of the ﬂight from takeoff
to landing. The experimental control and data recording sys-
tem will automatically record the answers. A TH-P physiolog-
ical tester from Beijing Tongfangshenhuo Union Technology
Ltd. records the HR data of the subjects during the experi-
ment, as shown in Fig. 6.
The SAGAT questions are obtained from the question
bank restored in the experimental control and data recording
system. According to the theoretical model of SA, the ques-
tions can be divided into three different levels.15 At the level
of perception, information such as pitch angle, airspeed or alti-
tude is directly asked. At the level of comprehension, questions
of understanding the current environment are asked, i.e.
whether the current speed or altitude is above or below the
plan value. And at the level of projection, the future state is
asked, such as whether the scheduled ﬂight will climb or de-
cline at the next moment.16 These questions are tested in pre-
liminary experiments to guarantee the availability that they
can be used for investigating the understanding of the ﬂight
information. To avoid the memory of the questions, in the for-
mal experiment, 24 questions are randomly extracted from the
bank and presented to the subject. In order to make a complete
measurement of the SA, the selection of 24 questions is con-
trolled to cover the three levels of SA. That means in the 24
questions, there is at least one question for each level of SA.
After the experiment, the experimental control and data
recording system will decide the corrigendum of the 24 ques-
tions. The overall correct rate can then be calculated through
the percentage of correct answered questions in all the 24 ques-
tions. The correct rate of different SA levels can also be calcu-
lated, e.g. the correct rate of perception-level SA is the
percentage of correctly answered perception-level questions
in all the perception-level questions.
5. Experimental results
From the experiment, we can get the correct rate of subjects
answering SAGAT questions. Table 1 shows the correct rates
of SAGAT questions under different interfaces and SA levels.
In the table,M is the mean value, and SD is the standard devi-
ations. For different display interfaces, the overall SA is in theAGAT questions under different interfaces and SA levels.
Projection Overall
D M SD M SD
8.64 89.43 12.39 78.55 15.69
1.14 92.87 12.74 84.13 11.69
4.68 88.13 18.43 82.49 16.29
Table 2 Average heart rate (per minute; with standard
deviations) under different interfaces.
Interface Average heart rate per minute (%)
M SD
Airbus 76.58 1.57
Boeing 82.15 1.46
ARJ21 78.94 2.17
888 H. Wei et al.order of Boeing > ARJ21 > Airbus. One-way repeated mea-
sures ANOVA shows that the overall SA is signiﬁcantly af-
fected by the interface (F-test statistic F(2, 58) = 5.89,
signiﬁcance probability p= 0.010). Least-signiﬁcant difference
(LSD) post-hoc tests indicate that the overall SA in the Boeing
display interface is signiﬁcantly higher than the Airbus
(p< 0.050). For different SA levels, the perception-level SA
is in the order of Boeing > ARJ21 > Airbus, and one-way re-
peated measures ANOVA shows that the perception-level SA
is signiﬁcantly affected by the interface (F(2, 58) = 3.39,
p= 0.031). LSD post-hoc tests indicate that the perception-le-
vel SA in the Boeing interface is signiﬁcantly higher than the
Airbus (p< 0.050). The comprehension-level SA is in the or-
der of ARJ21 > Airbus > Boeing, and one-way repeated
measures ANOVA shows that the comprehension-level SA is
signiﬁcantly affected by the interface (F(2, 58) = 4.58,
p= 0.042). LSD post-hoc tests indicate that the comprehen-
sion-level SA in the Airbus display is signiﬁcantly higher than
that in the Boeing display (p< 0.050). The projection-level SA
is in the order of Boeing > ARJ21 > Airbus, but ANOVA
shows that the projection-level SA is not signiﬁcantly affected
by the interface (p> 0.050).
The physiological tester records the average heart rate un-
der the three interfaces, which is in the order of Boe-
ing > ARJ21 > Airbus, as shown in Table 2. One-way
repeated measures ANOVA shows that the HR of the subject
is signiﬁcantly affected by the interface (F(2, 58) = 5.85,
p= 0.015). LSD post-hoc tests indicate that the HR of the
subject under Boeing interface is signiﬁcantly higher than that
under the Airbus display (p< 0.050).
6. Discussions
From the experimental results, we can see that the correct rates
of the three interfaces are all higher than 75%, which indicates
that the interface design of the three displays can guarantee the
basic access to the ﬂight information. Signiﬁcant difference be-
tween the overall SA of the Boeing and Airbus interfaces could
be the result of different design concepts of CDI: for the level
of automation, the Airbus tends to be of a higher degree of
automation, which means more works are done automatically
and the pilot has smaller demand for the ﬂight information, as
a lot of important information is processed and displayed inte-
grally; for the man–machine function allocation, the Boeing
tends to assign more tasks to the pilot, requiring the subject
to participate in the task more actively, which increases the
workload but provides further awareness of the situation.
The above inﬂuencing factors make small differences between
the two display interfaces. While investigating the design of
ARJ21, its correct rate is in the middle of the two displays,which may be the fact that it has made reference to the design
of two display interfaces, comprehensively surveyed their
advantages and disadvantages, and designed the interface with
a balanced consideration of automation and human–machine
function allocation.
The above analysis can be veriﬁed by the three-level SA
data under different display interfaces. First, according to
the perception-level SA data, the correct rate under the Boe-
ing display interface is signiﬁcantly higher than the Airbus,
which indicates that the design of Boeing display interface re-
quires the pilot to form a higher perception of the environ-
ment. Therefore, more attention of the subject is focused
on extracting this information, resulting in a higher SA at
this level. Second, it is easy to see from the comprehension-
level SA data that the correct rate under the Airbus display
interface is signiﬁcantly higher than the Boeing, which indi-
cates that the Airbus has reduced the demand of environment
perception. However, due to its integrated information dis-
play, the pilot could get an easier understanding of the ﬂight
information. Whereas for the Boeing interface, due to the re-
quest for more perception, there is a greater mental workload
and the effectiveness of ﬂight information acquisition has
dropped. Finally, the projection-level SA data shows that
the three interfaces have no signiﬁcant differences, indicating
that they are generally properly designed. The data of ARJ21
interface is at the middle in the perception-level SA but the
highest in the comprehension-level SA, which probably man-
ifests that its design has taken the problems of the pilot’s
work load, the level of automation and human–machine
function allocation into consideration, and has made a better
solution to the problem of SA decrease under high mental
workload.
Physiological measurement can also be the corroboration
for the above analysis. If subjects under the Boeing display
interface are in the need for greater attention allocation, they
must increase the perception of the ﬂight environment. Thus
they get more stress and mental workload, and their physiolog-
ical parameters tend to be more active. Therefore, the subject’s
heart rate should be faster than that under the Airbus. This is
consistent with the data and signiﬁcance analysis of HR, as
shown in Table 2.
7. Conclusions
(1) Based on the ﬂight simulation, a ﬂight environment can
be fast and ﬂexibly built at the design phase of CDI.
And with SAGAT, an objective assessment of the dis-
play interface can be provided. The results of SA levels
can be used for evaluating the CDI design, thus provid-
ing a reference for the aircraft design.
(2) According to the experiments based on the Boeing,
Airbus and ARJ21 display interfaces, it is clear that
the CDI design has a signiﬁcant impact on the SA
degree of the subjects. Compared with the analysis of
three-level SA data, the differences in the CDI design
concept can be found, and the result of physiological
measurement offers the corroboration. Through the
analysis of SA, evaluations of the speciﬁc interface
design are available for design optimization and
improvement.
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